INTRODUCTION
Developmental genesis of the correct numbers and types of mammalian neurons involves a tightly regulated interplay between mechanisms intrinsic to neural precursors and the environment that surrounds them. These interactions ensure that neurons are generated appropriately and that neural precursors are not prematurely exhausted, since the same precursor pool also generates astrocytes, oligodendrocytes, and adult neural stem cells. When this process is disrupted, as in some neurodevelopmental disorders, it causes aberrant neural circuit formation and cognitive dysfunction (Gauthier et al., 2007; Wang et al., 2010 ).
Transcriptional regulation is one mechanism that plays a key role in determining neurogenesis. For example, sustained expression of proneurogenic basic-helix-loop-helix (bHLH) transcription factors like the neurogenins is necessary for mammalian cortical precursors to make neurons (Bertrand et al., 2002; Imayoshi and Kageyama, 2014) . Intriguingly, recent data suggest that translational regulation is also important. For example, the RNA-binding protein Staufen2 asymmetrically localizes mRNAs in cortical radial glial precursors, thereby promoting maintenance of the stem cell state (Vessey et al., 2012; Kusek et al., 2012) . As a second example, the translational regulator eIF4E1 has been implicated in autism spectrum disorder (ASD) in humans (Neves-Pereira et al., 2009) , and increasing neural eIF4E function caused aberrant circuitry and ASD-like behavior in mice (Santini et al., 2013; Gkogkas et al., 2013) .
How might eIF4E-dependent translational regulation determine neurogenesis? Mammalian cells express three eIF4E family members (eIF4E1-eIF4E3) that can both initiate and suppress translation in response to extracellular signals (Rhoads, 2009 ). eIF4E1, the best studied eIF4E, initiates translation by binding the 5 0 cap of mRNA and the scaffolding protein eIF4G (Jackson et al., 2010) . eIF4E1 can be sequestered from eIF4G and positive initiation complexes by eIF4E binding proteins 1-3 (Sonenberg and Hinnebusch, 2009) . eIF4E is also present in multiprotein complexes that repress translation such as the fragile X mental retardation protein (FMRP)/CYFIP1 complex that suppresses FMRP target mRNAs at synapses (Napoli et al., 2008) . eIF4E1 also binds a protein called 4E-T that associates with granules that silence translation called processing bodies, or P-bodies (Ferraiuolo et al., 2005; Eulalio et al., 2007) . Thus, eIF4E proteins, depending on the complexes they form, can either initiate translation or specifically suppress the translation of subsets of mRNAs.
Here, we have asked whether translational regulation is important for genesis of neurons in the embryonic cortex. We identify an eIF4E1/4E-T complex that is present in P-body-like granules in neural precursors and that coordinately represses translation of proneurogenic proteins to maintain the stem cell state while, at the same time, allowing neurogenesis. These findings suggest that neural precursors are transcriptionally primed to generate neurons, and an eIF4E1/4E-T complex sequesters and represses translation of mRNAs encoding proneurogenic proteins to ultimately determine appropriate neurogenesis.
RESULTS

Decreasing eIF4E1 Induces Neurogenesis at the Expense of Cortical Radial Precursor Maintenance
To ask about eIF4E during cortical development, we analyzed its expression. RT-PCR and western blots showed that eIF4E1 was expressed in the E11/12 cortex ( Figures 1A and 1B) . Immunostaining of E14.5 cortical sections showed robust eIF4E1 expression in ventricular and subventricular zones (VZ/SVZ) (Figure 1C) , where it localized to punctate cytoplasmic granules in radial precursors expressing Pax6 ( Figures 1C and 1D ). eIF4E1 was also detectable in neurons of the cortical plate (CP) but was lower in the intermediate zone (IZ) , which contains UNC5D-positive migrating newborn neurons ( Figure 1C ). Immunostaining of E12.5 precursors cultured for 3 days confirmed that eIF4E1 was localized to punctate foci in Sox2-and Ki67-positive proliferating precursors and in bIII-tubulin-positive neurons ( Figure 1E ).
We asked about eIF4E1 function with two small hairpin RNAs (shRNAs) that knocked down expression of a FLAG-tagged murine eIF4E1 when cotransfected into human embryonic kidney 293 (HEK293) cells ( Figure 1F ). We cotransfected cultured precursors with these shRNAs and a nuclear EGFP expression plasmid. Three days later, eIF4E1 immunoreactivity was significantly reduced in cells transfected with eIF4E1 but not control shRNA (Figures 1G and 1H) . eIF4E1 knockdown had no effect on cell survival, as indicated by EGFP-positive cells with condensed apoptotic nuclei (control shRNA, 10.1% ± 0.6%; eIF4E shRNA1, 11.4% ± 0.5%; eIF4E shRNA2, 14.2% ± 1.1%). It did, however, decrease EGFP-positive, Pax6-positive radial precursors ( Figures 1I and 1J ), although the precursor proliferation index was unaffected, as monitored by double labeling for Sox2 and Ki67 ( Figures 1I and 1K ). In contrast, EGFP-positive bIII-tubulin neurons were increased by eIF4E1 knockdown ( Figures 1I and 1L ). Since almost all EGFP-positive cells expressed either Pax6 or bIII-tubulin (92%-100% in all conditions; Figures 1J and 1L ), then this indicates that eIF4E1 knockdown depletes radial precursors by promoting their differentiation to neurons.
Further support for this conclusion came from clonal analysis performed using the piggybac (PB) transposon to stably express EGFP in cultured precursors (Tsui et al., 2013; Zander et al., 2014) . E12.5 cortical precursors were cotransfected at low efficiency (at most, 1% to 3%) with control or eIF4E1 shRNAs plus plasmids encoding PB transposase and the PB EGFP reporter. Immunostaining 3 days later showed that clone size, indicative of self-renewal, was significantly smaller following eIF4E1 knockdown ( Figures 1M and 1N ).
An eIF4E1 Complex Maintains Radial Precursors In Vivo by Binding mRNAs
To ask if eIF4E1 regulates neurogenesis in vivo, we electroporated E13/14 cortices in utero with a nuclear EGFP expression plasmid and eIF4E1 shRNA2, thereby transfecting radial precursors that generate neurons in the VZ/SVZ that subsequently migrate through the IZ to the CP (Gauthier et al., 2007) . Immunostaining 3 days later showed that eIF4E1 knockdown perturbed the location of EGFP-positive cells, with fewer in the VZ/SVZ and CP and more in the IZ (Figures 2A and 2B ). eIF4E1 knockdown also robustly decreased EGFP-positive, Pax6-positive radial precursors and Ki67-positive proliferating precursors, although, as seen in culture, the radial precursor proliferation index (Ki67-positive, Pax6-positive, EGFP-positive/Pax6-positive, EGFP-positive cells) was unaffected (Figures 2C-2G ; Figures S1A and S1B available online).
To ask if neurons were coincidentally increased, we analyzed the cortical neuron markers Satb2, Ctip2, and Tbr1 ( Figure 2H ; Figures S1C-S1H). As we previously reported (Tsui et al., 2013) , almost all EGFP-positive neurons generated over this time frame expressed Satb2, and very few expressed Ctip2 or Tbr1 ( Figures 2H and 2I ). eIF4E1 knockdown did not affect Ctip2-or Tbr1-positive neurons, but it significantly increased those expressing Satb2 ( Figures 2H and 2I ) or bIII-tubulin (Figure 2K ). The magnitude of the neuronal increase was similar to that of the radial precursor decrease (22% versus 19% of total EGFP-positive cells, respectively). In addition, almost all (C and D) E14.5 coronal cortical sections immunostained for eIF4E1 (red). In (C), sections were costained for Pax6 or UNC5D (both green), and cortical boundaries are shown with white lines. (D) A high-magnification confocal image of the VZ, with arrows highlighting eIF4E1-positive granules. (E) Cortical cultures were immunostained for eIF4E1 (red) and Sox2, Ki67, or bIII-tubulin (all green). Arrows denote marker-positive cells. (F) Western blots of HEK293 cells cotransfected with a FLAG-tagged mouse eIF4E1 construct and control shRNA, or one of two eIF4E1 shRNAs (sheIF4E1-1, sheIF4E1-2). The blot was probed for FLAG and reprobed for Erk1/2 as a loading control. Arrowheads indicate target proteins. (G-L) Cultured E12.5 cortical precursors were cotransfected with EGFP and control or eIF4E1 shRNAs (sheIF4E1-1 or sheIF4E1-2) for 3 days. (G and H) Precursors were immunostained for eIF4E1 (red) and EGFP (green) (G) and quantified for relative levels of immunodetectable eIF4E1 (H). Arrows and arrowheads denote EGFP-positive and -negative cells, respectively. **p < 0.01; n = 3 experiments. (I) Precursors immunostained for EGFP (green) and Pax6, bIII-tubulin, or Ki67 (all red). Cells on top right were triple labeled for Sox2 (bluish white, bottom right). Arrows denote double-or triple-labeled cells. EGFP-positive neurons were mislocalized to the IZ following eIF4E1 knockdown ( Figure 2J ; Figure S1C ).
To ensure the specificity of these phenotypes, we performed rescue experiments with an shRNA-resistant wild-type murine eIF4E1. We also performed rescue experiments with eIF4E1 proteins that were mutated to prevent binding to mRNA (W56A mutant) or to protein partners that mediate translational activation or suppression (W73A mutant) (Ferraiuolo et al., 2005) . We confirmed that these proteins were expressed equally well (Figure 2L ) and electroporated them with eIF4E1 shRNA into the E13/14 cortex. Analysis 3 days later showed that wild-type eIF4E1, but not the two mutant eIF4E1s (which were also shRNA resistant), rescued the aberrant location of EGFP-positive cells caused by eIF4E1 knockdown ( Figure 2M ; Figure S1I ). Wildtype, but not mutant, eIF4E1s also rescued EGFP-positive, Pax6-positive, and Ki67-positive proliferating precursors and Satb2-positive neurons to control levels ( Figures 2N-2P ). These experiments validate the eIF4E1 knockdown phenotype and show that eIF4E1 must form a complex with a protein partner and bind to mRNAs to inhibit neurogenesis.
Decreasing eIF4G1, which Is Required for the Positive Translational Actions of eIF4E1, Has the Opposite Effect, Maintaining Precursors and Decreasing Neurogenesis These data indicate a critical role for eIF4E1 but do not distinguish its roles in translational activation versus repression. To do this, we examined eIF4G, a necessary eIF4E partner for translation initiation (Sonenberg and Hinnebusch, 2009 ). Immunostaining showed that eIF4G was localized to punctate cytoplasmic foci in radial precursors of the E14.5 cortical VZ/SVZ ( Figures 3A and 3B) . To ask about its functional role, we used murine eIF4G1 shRNAs that were validated in HEK293 cells (Figure 3C ). We electroporated E13/14 cortices with the most efficacious of these (eIF4G1 shRNA1) and analyzed sections 3 days later. eIF4G1 knockdown increased EGFP-positive, Pax6-positive radial precursors in the VZ/SVZ (Figures 3D-3F ; Figure S2 ). However, the proliferation index of these radial precursors was reduced ( Figure 3G ). In addition, EGFP-positive, Satb2-positive neurons were decreased ( Figure 3H ). Thus, eIF4G1 knockdown decreased the proliferation and differentiation of radial precursors, a phenotype that is different from that seen following eIF4E1 knockdown.
These findings suggest that the enhanced neurogenesis seen following eIF4E1 knockdown might be due to derepression of translation of proneurogenic mRNAs. If so, then coincident eIF4G knockdown might inhibit this aberrant proneurogenic translation and rescue the eIF4E knockdown phenotype. To test this idea, we coelectroporated E13/14 cortices with shRNAs for both eIF4E1 and eIF4G1. Analysis 3 days later showed that coincident eIF4G1 knockdown normalized the aberrant distribution of EGFP-positive cells seen with eIF4E1 knockdown (Figures 3I and 3J ) and rescued EGFP-positive, Pax6-positive precursors and Satb2-positive neurons to control levels ( Figures  3K and 3L ).
The Translational Repressor 4E-T Associates with eIF4E1, and This Complex Is Spatially Distinct from the eIF4E1/eIF4G Complex The data obtained with the W73A eIF4E1 protein binding mutant ( Figures 2M-2P ) suggest that eIF4E1 binds to a protein partner to repress neurogenesis and maintain radial precursors. We asked whether this was 4E-T since it binds to the eIF4E1 W73 site (Ferraiuolo et al., 2005; Kamenska et al., 2014) . Western blots showed expression of 4E-T in the E12 cortex ( Figure 4A ), and immunostaining showed that it was expressed in the same cells as eIF4E1 in the E15.5 VZ/SVZ ( Figure 4B ).
To ask whether 4E-T was bound to eIF4E1 in the embryonic cortex, we used two approaches. First, we performed coimmunoprecipitation experiments, after confirming that the 4E-T antibody immunoprecipitated 4E-T from the embryonic cortex ( Figure S3A ). Immunoprecipitation of E12.5 cortical lysates with anti-4E-T followed by western blotting showed that eIF4E1 was present in the 4E-T immunoprecipitates ( Figure 4C ). Second, we double-labeled E14.5 cortical sections with antibodies for 4E-T and eIF4E1. These proteins were colocalized in a subpopulation of punctate cytoplasmic foci in radial precursor cell bodies and apical endfeet adjacent to the ventricle ( Figure 4D ).
Since 4E-T and eIF4G both bind eIF4E1 at the W73 site, we asked about the relative distribution of granules containing these three proteins. Triple labeling of cultured precursors showed that many fewer foci were positive for 4E-T than for either eIF4E1 or eIF4G ( Figure 4E ; Figure S3B ). Almost 70% of 4E-T-positive foci were positive for eIF4E1, but almost none were positive for eIF4G ( Figure 4F ). Conversely, only 2.7% ± 0.4% of eIF4E1-positive foci were positive for 4E-T ( Figure 4E ; Figure S3B ). An additional 10.3% ± 0.8% of the eIF4E1-positive foci were positive for eIF4G, but most eIF4E1 foci were negative for both eIF4G and 4E-T ( Figure 4E ; Figure S3B ), as previously seen in cell lines (Rau et al., 1996; Ferraiuolo et al., 2005) . Thus, 4E-T is present in a distinct population of granules, most of which contain eIF4E1 but not eIF4G.
4E-T Maintains Precursors and Inhibits Neurogenesis and Requires Binding to eIF4E to Do So
To test the idea that 4E-T might be the relevant repressive eIF4E1 binding partner, we used 4E-T shRNAs that knocked down cotransfected murine 4E-T in HEK293 cells ( Figure 4G ). When one of these shRNAs (4E-T shRNA2) was transfected into cultured precursors, it effectively reduced the bright 4E-Tpositive granules present in control cells ( Figure 4H ; Figure S3C) . We electroporated this 4E-T shRNA into E13/ 14 cortices and immunostained sections 3 days later. 4E-T knockdown decreased EGFP-positive cells in the VZ/SVZ and increased those in the CP ( Figure 4I ; Figure S3D ), coincident with a decrease in EGFP-positive proliferating radial precursors (Figures 4J and 4K) and an increase in EGFP-positive, Satb2-positive, and bIII-tubulin-positive neurons ( Figures 4L and 4M ). As for eIF4E1 knockdown, Ctip2-positive and Tbr1-positive neurons were unaffected ( Figure 4L ; Figure S3E ). Thus, 4E-T normally inhibits genesis of neurons from radial precursors.
To ask if 4E-T requires binding to eIF4E to inhibit neurogenesis, we performed rescue experiments with shRNA-resistant constructs encoding wild-type 4E-T and mutant 4E-T incapable of binding eIF4E (Y30A mutant) (Ferraiuolo et al., 2005) . We showed that both 4E-T proteins were expressed equally well ( Figure 4N ) and then coelectroporated them with 4E-T shRNA into E13/14 cortices. Analysis 3 days later showed that wildtype, but not Y30A, 4E-T normalized all of the 4E-T knockdown-induced phenotypes, including the aberrant distribution of EGFP-positive cells ( Figure 4O ; Figure S3F ), the decrease in proliferating radial precursors ( Figures 4P and 4Q ) and the increase in Satb2-positive neurons ( Figure 4R ). These data validate the specificity of the 4E-T knockdown phenotype and indicate that 4E-T requires binding to eIF4E to repress neurogenesis.
eIF4E1 and 4E-T Are Each Sufficient to Enhance Precursor Maintenance and Inhibit Neurogenesis
These data suggest that an eIF4E1/4E-T complex is necessary to maintain radial precursors. To further test this idea, we overexpressed eIF4E1 and 4E-T, electroporating them into E13/14 cortices. Analysis 3 days later showed that eIF4E1 and 4E-T both significantly increased EGFP-positive cells in the VZ/SVZ (Figures S4A-S4C) . eIF4E1 or 4E-T overexpression also caused a significant increase in Pax6-positive radial precursors (Figure 5A ) and a decrease in Satb2-positive neurons ( Figure 5B ). Thus, eIF4E1 and 4E-T are each sufficient to maintain precursors and repress neurogenesis.
The P-body Proteins Lsm1 and Rck Are Necessary to Localize 4E-T and to Repress Neurogenesis 4E-T is thought to repress translation, in part, by association with P-bodies (Andrei et al., 2005; Eulalio et al., 2007; Ferraiuolo et al., 2005) . To ask if eIF4E1 and 4E-T were associated with P-bodies in radial precursors, we analyzed two P-body proteins, the RNAbinding complex protein Lsm1 and the Dead box RNA helicase Rck/p54 (Eulalio et al., 2007) . Immunostaining showed that Lsm1 and Rck were present in cultured precursors, where they were highly colocalized with 4E-T ( Figure 5C ); almost all 4E-Tpositive foci were colabeled for Lsm1 or Rck, while most Lsm1-positive or Rck-positive foci were colabeled for 4E-T (Figure 5D) . Moreover, more than half of the Lsm1 granules also colabeled for eIF4E1, and almost none were colabeled for eIF4G ( Figures 5E and 5F ). Thus, radial precursors contain a P-bodylike complex that includes 4E-T, Lsm1, and Rck, and more than half of the 4E-T-containing granules also contain eIF4E1 but not eIF4G.
In cell lines, Lsm1 is required for P-body formation and for 4E-T association with P-bodies (Andrei et al., 2005; Novotny et al., 2012) . To ask if Lsm1 was necessary for 4E-T P-body association in radial precursors, we used an Lsm1 shRNA that knocked down FLAG-tagged murine Lsm1 when cotransfected in HEK293 cells ( Figure 5G ). Cultured precursors were transfected with Lsm1 shRNA and immunostained 3 days later (Figure 5H) . Lsm1 knockdown reduced the number of 4E-T-positive granules per cell almost 3-fold ( Figure 5I ).
These data suggest that P-body-like granules might be necessary for the repressive eIF4E1/4E-T complex in radial precursors. To test this idea, we electroporated E13/14 cortices with shRNAs for Lsm1 or Rck ( Figure 5G ) and immunostained sections 3 days later. As seen with knockdown of eIF4E or 4E-T, Lsm1 and Rck knockdown depleted EGFP-positive cells from the VZ/SVZ (Figures 5J and 5K) , decreased EGFP-positive Pax6-or Ki67-positive radial precursors ( Figures 5L and 5M) , and increased Satb2-positive neurons ( Figure 5N ).
4E-T Is Highly Enriched for Binding to mRNAs Encoding Transcription Factors Such as the Proneurogenic bHLHs
These findings suggest that an eIF4E/4E-T complex localizes and represses translation of mRNAs that promote neurogenesis. Therefore, we isolated 4E-T-binding mRNAs from the E12/13 cortex, focusing on 4E-T since only a small proportion (3%) of the total eIF4E1 foci in radial precursors contained 4E-T. To do this, we immunoprecipitated cortical lysates with anti-4E-T and analyzed coimmunoprecipitated mRNAs by microarrays (Gene Expression Omnibus [GEO] accession number GSE61729). To control for nonspecific binding, we performed similar immunoprecipitations with control immunoglobulin G (IgG). We focused on transcripts that were at least 1.5-fold enriched in the 4E-T immunoprecipitates relative to the total input lysate and that were absent from the control IgG immunoprecipitates (see Experimental Procedures). This approach identified 1,545 4E-T-enriched precipitated mRNAs, of which 1,439 encoded known proteins (Table S1 ). Analysis of this latter group ( Figure 6A) showed that the top six gene ontology categories were transcriptional regulators, with a particularly robust enrichment for transcription factors; of 1,439 4E-T target mRNAs, 253 (or 17.6%) were transcription factors. The next nine categories all had to do with cell differentiation, proliferation, and migration, with a particularly robust enrichment in mRNAs associated with differentiation of neural stem cells and the differentiation, development, and migration of neurons ( Figure 6A ).
To analyze these mRNAs further, we categorized them into those involved in gene expression, cellular development, and cell growth and proliferation and looked at the overlap between these categories using a Venn diagram ( Figure 6B ). One hundred fifty-three of the mRNAs in these groups encoded proteins that were included in all three categories, and more than half of these encoded transcription factors ( Figure 6C ). Many of these transcription factors have been previously implicated in the regulation of neurogenesis, as shown by a heatmap ( Figure 6D ).
To validate these findings, we focused on a subset of 4E-Tassociated mRNAs that encoded neurogenic bHLHs known to be essential for cortical neurogenesis: ascl1, neurod1, neurod4, neurogenin1, and neurogenin2 mRNAs. We first used quantitative PCR (qPCR) to analyze their relative levels in three independent immunoprecipitates each with the 4E-T antibody and the nonspecific IgG. As controls, we performed a similar analysis for (1) godz and eIF4E mRNAs, which were not enriched in the 4E-T immunoprecipitates; (2) sprouty2 mRNA, which was robustly enriched; and (3) rpl27a mRNA, which was significantly decreased (Table S1 ). This analysis validated the microarray data and showed that all of the neurogenic bHLH mRNAs were enriched in the 4E-T immunoprecipitates, with at least a 4-fold enrichment for all except ascl1 ( Figure 6E ). In contrast, godz and eIF4E mRNAs were unchanged, and rpl27a mRNA was lower in the immunoprecipitates ( Figure 6E ). A comparison of the relative fold enrichment seen on the microarrays and by qPCR showed excellent correspondence between the two approaches ( Figure 6F ).
4E-T Colocalizes with Proneurogenic bHLH mRNAs, and These Complexes Are Enriched in Precursors that Do Not Express Proneurogenic Proteins
Since neurod1, neurogenin2, and neurogenin1 mRNAs were all enriched more than 4-fold in 4E-T immunoprecipitates, we asked whether they colocalized with 4E-T in radial precursors in vivo. To do this, we performed fluorescent in situ hybridization 
VZ, immunostained for eIF4E1 (green) and 4E-T (red). Arrows denote colocalized eIF4E1 and 4E-T, and white lines denote the boundary of the VZ and lateral ventricle (LV). (E) Confocal images of precursors cultured two days and immunostained for 4E-T (green), eIF4E1 (red) and eIF4G (blue).
The middle and bottom panels show progressively higher magnification images of the boxed areas. Arrows denote a granule positive for 4E-T and eIF4E1 and the arrowhead denotes a granule positive for eIF4E1 and eIF4G. A closed versus open arrow/arrowhead indicates that a granule is positive or negative for a marker. (F) Quantification of images as in (E) for the percentage of 4E-T-positive foci colabeled for eIF4E1 or eIF4G. **p < 0.01. n R 15 cells each. (G) Western blots of HEK293 cells cotransfected with FLAG-tagged mouse 4E-T and control or 4E-T shRNAs (sh4E-T-1 or sh4E-T-2). The blot was probed for FLAG and reprobed for Erk1/2. Arrowheads denote target proteins. (H) Cultured precursors were cotransfected with EGFP and control or 4E-T shRNA2 (sh4E-T) for 3 days and immunostained, and EGFP-positive cells expressing high 4E-T were quantified. **p < 0.01; n = 3 experiments. (I-M) E13/14 cortices were coelectroporated with EGFP and control shRNA or 4E-T shRNA2 (sh4E-T) and coronal cortical sections were immunostained 3 days later. (FISH) for these mRNAs, coupled with immunocytochemistry for 4E-T on E15 cortical sections. neurogenin1, neurogenin2, and neurod1 mRNAs were all enriched in cells of the VZ/SVZ, although the patterns of hybridization were distinct ( Figure 7A ), as shown previously (Visel et al., 2007) . In contrast, tle4 mRNA was appropriately enriched in cells of the CP ( Figure 7A ) (Yao et al., 1998) . This hybridization was only seen with antisense, and not sense, probes ( Figure S5A) .
Combined FISH and 4E-T immunostaining showed that neurogenin1, neurogenin2 and neurod1 mRNAs all partially colocalized with 4E-T-positive foci (Figures 7B-7D ). This localization was not exclusive; 4E-T was present in many granules that did not contain the mRNA of interest, and the converse was also true, with the mRNAs present in granules that did not contain 4E-T. We confirmed this colocalization with z stack analysis ( Figures 7B-7D ) and spectral scan analysis ( Figure S5B ).
We quantified the neurogenin1 mRNA/4E-T colocalized foci in these sections ( Figure 7E ; Figure S5C ); 30.5% ± 2.2% of neurogenin1 mRNA foci colocalized with 4E-T. These were not, however, evenly distributed across the VZ/SVZ. The highest proportion of neurogenin1-mRNA-positive foci was found in the region at the interface of the VZ and SVZ ( Figure 7E , bin 2; Figure 7F ). In contrast, the highest proportion of neurogenin1-mRNA-positive, 4E-T-positive foci was in the apicalmost part of the VZ ( Figure 7E , bin 1; Figure 7G ). In this region, which is predominantly composed of radial precursors, almost 60% of neurogenin1 mRNA foci were colocalized with 4E-T ( Figure 7H ).
As a control for this colocalization, we analyzed glo1 mRNA, which was not enriched in the 4E-T immunoprecipitates and which encodes glyoxalase 1, a metabolic protein. FISH combined with 4E-T immunostaining showed that glo1 mRNA was expressed throughout the E12 cortex and that only 11.6% ± 1.6% of total glo1 mRNA foci colocalized with 4E-T ( Figures  S5D-S5F ). This low proportion was constant over the entirety of the VZ/SVZ (Figure S5G ), verifying the specificity of our analysis.
We next performed triple labeling for neurogenin1 mRNA, 4E-T, and Neurogenin1 protein to ask whether precursors containing neurogenin1 mRNA/4E-T complexes expressed Neurogenin1 protein ( Figure 7I ). This analysis showed that all Neurogenin1-protein-positive cells expressed neurogenin1 mRNA. In addition, some cells were positive for the mRNA but not the protein, and this group contained neurogenin1-mRNA-positive, 4E-T-positive foci ( Figure 7I ). Quantification showed that these neurogenin1 mRNA/4E-T foci were significantly enriched in the neurogenin1-mRNA-positive, protein-negative cells (Figure 7J) , consistent with the idea that they were repressive in nature.
We performed a similar analysis for neurogenin2 mRNA in the E12 cortex, a time point when it is predominantly found in cycling precursors (Shimojo et al., 2008) . Quantification showed that 37.7% ± 1.6% of neurogenin2 mRNA foci colocalized with 4E-T at this age ( Figure 8A ; Figure S6A ). The highest proportion of neurogenin2-mRNA-positive foci was found at the interface of the VZ and SVZ ( Figure 8A , bin 2; Figure 8B ), but neurogenin2-mRNA-positive, 4E-T-positive foci were most enriched in the apicalmost region ( Figure 8A , bin 1; Figure 8C ) where there was almost 60% colocalization ( Figure 8D ). Triple labeling showed that all Neurogenin2-protein-positive cells also expressed neurogenin2 mRNA but that some cells were only positive for the mRNA ( Figure 8E ). Quantification showed that almost 60% of the neurogenin2 mRNA foci colocalized with 4E-T in cells that did not express Neurogenin2 protein, a proportion twice as high as in cells that expressed both mRNA and protein ( Figure 8F ).
Disruption of the 4E-T/eIF4E P-body-like Complexes Causes Aberrant Upregulation of Neurogenic bHLH Proteins
If the eIF4E1/4E-T/proneurogenic mRNA complexes defined here are repressive, then disruption of these complexes should cause aberrant translation of the neurogenic bHLH proteins. To test this prediction, we electroporated the E13/14 cortex with eIF4E1 or 4E-T shRNAs and immunostained electroporated cortices for Neurogenin1, Neurogenin2, or NeuroD1 proteins 2 days later ( Figures 8G, 8I , and 8K; Figures S6B-S6D) . About 15%-25% of electroporated cells expressed detectable (E) , (H), and (J) were counterstained with Hoechst (blue). Scale bars, 40 mm in (J); 5 mm in (C), (G), and (H); and 1 mm in (E) . Error bars denote SEM. See also Figure S4 . Neurogenin1, Neurogenin2, or NeuroD1 in control sections, but this increased to as much as 50% following eIF4E1 or 4E-T knockdown ( Figures 8G-8L) .
These data argue that 4E-T and eIF4E are necessary to repress translation of these neurogenic mRNAs. To ask if their localization to P-bodies was also important, we performed similar studies, knocking down Lsm1 or Rck. Analysis 2 days postelectroporation showed that Lsm1 or Rck knockdown almost doubled the proportion of EGFP-positive, Neurogenin1-positive, or Neurogenin2-positive cells (Figures 8M and 8N; Figures S6E and S6F) . Together, these data support a model where radial precursors are transcriptionally primed to generate neurons but where a repressive eIF4E1/4E-T complex maintains them in an undifferentiated state by sequestering and inhibiting translation of proneurogenic mRNAs in association with Pbody components ( Figure 8O ).
DISCUSSION
Data presented here indicate that translational regulation plays a key role during cortical neurogenesis. First, we define an eIF4E1/ 4E-T complex that represses neurogenesis and maintains the radial precursor state. Second, we show that this repressive complex is localized to P-body-like granules and that disruption of P-body proteins enhances neurogenesis and depletes precursors. Third, we show that the 4E-T complex binds mRNAs encoding regulators of transcription and cell differentiation, arguing that it represents a mechanism for globally repressing precursor differentiation. Finally, we show that the 4E-T-associated mRNAs include those encoding proneurogenic bHLHs such as the neurogenins. These 4E-T/neurogenin mRNA complexes are enriched in precursors that do not express Neurogenin proteins, and disruption of eIF4E, 4E-T, or P-body proteins causes aberrant derepression and translation of these bHLHs.
These findings support a model where neural precursors are transcriptionally primed to differentiate into neurons but where the relevant mRNAs are sequestered by a repressive eIF4E1/ 4E-T P-body complex, thereby inhibiting neurogenesis (Figure 8O ). In this model, differentiation-promoting extrinsic cues would cause dissociation of this complex, leading to coordinated translation of not one but many proneurogenic proteins, thereby allowing rapid initiation of neurogenesis. Such a mechanism would also allow for phenotypic preprogramming since the repertoire of mRNAs bound to the eIF4E1/4E-T complex could (I) E15 cortical section immunostained for 4E-T (green) and Neurogenin1 (bluish white) and hybridized for neurogenin1 mRNA (red). Boxed cells are shown at higher magnification at the right. Arrowheads denote neurogenin1 mRNA foci that are negative for 4E-T in a Neurogenin1-positive cell, and arrows denote doublepositive foci in a Neurogenin1-negative cell.
(legend continued on next page) Neuron 4E-T Translationally Represses Neurogenesis be transcriptionally ''personalized'' either in precursors with different fate biases or in the same precursors producing different neural cell types at different developmental time points. Moreover, this model would allow for asymmetric neurogenic divisions; both daughter cells might receive the same repressive parental mRNP complexes, but only one daughter would be exposed to prodifferentiative environmental signals that would promote complex dissociation and translational derepression of neurogenic mRNAs.
One surprising finding is that the eIF4E1/4E-T targets include proneurogenic bHLH mRNAs. The Neurogenins and NeuroDs promote neurogenesis and neuronal differentiation by inducing a broad cluster of neurogenesis-related genes (Imayoshi and Kageyama, 2014; Seo et al., 2007) . These potent bHLH proteins are short lived, and their levels and activity are modulated at multiple levels, ranging from transcription to phosphorylation. One particularly intriguing regulatory mechanism involves protein oscillations that are thought to control precursor proliferation versus differentiation. These oscillations, which are trancriptionally defined, are best characterized for Hes1, Ascl1, and Olig2 (Imayoshi et al., 2013; Imayoshi and Kageyama, 2014) but also occur for Neurogenin2 (Shimojo et al., 2008) . We suggest that the neurogenic bHLHs are coregulated by the translational control mechanisms we report here and that different precursor populations may use either or both mechanisms to temporally and spatially regulate neurogenesis.
Our data indicate that the proneural bHLHs are not the only relevant proteins translationally regulated by the eIF4E1/4E-T complex. Remarkably, 17.6% of the 4E-T-associated mRNAs encode transcription factors, and many of these regulate neuronal differentiation, including Mef2C, Prox1, Lef1, and Npas3. The 4E-T-enriched population also included many mRNAs for proteins other than transcription factors that regulate neurogenesis and neuronal differentiation or migration such as Slit2, ASPM, and Sema3A. These findings suggest that the eIF4E1/4E-T repressive complexes act to orchestrate neuronal development by the timely and stepwise release and derepression of different groups of mRNAs.
One surprising finding reported here is that eIF4E1 knockdown disrupts the eIF4E1/4E-T/neurogenin mRNA complex, but neurogenin mRNA translation still occurs. This result suggests that a higher level of eIF4E1 is required to maintain the repressive complex than to initiate translation. Alternatively, radial precursors also express eIF4E2 and eIF4E3 mRNAs (G.Y., D.R.K., and F.D.M., unpublished data), and another eIF4E family member may mediate translational initiation following eIF4E1 knockdown.
If 4E-T is repressive, and eIF4E1 has both positive and negative roles, then this would explain differences in their knockdown phenotypes. In particular, only eIF4E1 knockdown alters neuronal positioning, presumably because of the lack of translation of proteins important for migration. How then does 4E-T repress translation? 4E-T does not apparently bind mRNAs directly, but it represses translation when artificially tethered to mRNA (Kamenska et al., 2014) , suggesting that it needs an intermediary protein to bring it to its target mRNAs. The identity of the relevant mammalian 4E-T binding protein(s) is still unknown, but in Xenopus, 4E-T binds to the 3 0 UTR binding protein CPEB as part of a translational repressor complex (Minshall et al., 2007) . Intriguingly, CPEB family members repress translation in mammalian neurons, and mice lacking CPEB1 show deficits in neural circuit formation (Darnell and Richter, 2012) .
Our data indicate that the 4E-T repressive complexes are localized to P-bodies and that this localization is important for repressing neurogenesis. P-bodies contain mRNAs, microRNAs, translational repression complexes, and mRNA decay enzymes, and they regulate the decay and reversible translational repression of subsets of mRNAs (Eulalio et al., 2007) . Two important proteins for P-bodies are Lsm1 and Rck/p54 (Kulkarni et al., 2010) . We show here that these proteins localize with 4E-T, and our knockdown studies indicate that they are important for repressing neurogenesis. While disruption of P-body proteins likely has effects that are broader than disruption of 4E-T alone, our data are consistent with the conclusion that the P-body localization is important for the eIF4E1/4E-T repressive complex.
One final question is whether perturbation of eIF4E/4E-T repressive complexes plays any role in humans with ASD, where eIF4E expression is increased due to mutation of its promoter (Neves-Pereira et al., 2009) . In mouse models, increased eIF4E activity caused aberrant ASD-like behaviors and perturbed circuitry (Santini et al., 2013; Gkogkas et al., 2013 ). Since we show here that ectopic expression of eIF4E1 in cortical precursors perturbed neurogenesis, then it is feasible that similar perturbations in humans could contribute to neuroanatomical and behavioral changes. Moreover, since we show that 4E-T is expressed in developing neurons, then it is possible, and perhaps even likely, that the eIF4E/4E-T repressive complexes we have defined here might be equally important in directly shaping synaptic connectivity.
EXPERIMENTAL PROCEDURES Animals
Animal use was approved by the Animal Care Committee of the Hospital for Sick Children in accordance with CCAC policies. CD1 mice (Charles River Laboratories) were used for all experiments.
Cell Culture and Transfections E12/13 murine cortical precursors and HEK293 cells were cultured and transfected essentially as described elsewhere (Gauthier et al., 2007) . For cotransfections, a 1:3 ratio of nuclear EGFP plasmid to shRNA or overexpression plasmids was used. Further details and plasmids are in the Supplemental Information.
Protein Immunoprecipitation and Immunoblotting
Freshly dissected E12/13 murine cerebral cortices were used for immunoprecipitations. Western blots were performed as previously described (Yang et al., 2013) . Further details are in the Supplemental Information.
(J) Quantification of images as in (I) for the proportion of neurogenin1-mRNA-positive foci that colabel for 4E-T in cells that are Neurogenin1 protein positive and negative. **p < 0.01. n = 25 cells each. Sections in (A) , (E) , and (I) were counterstained with Hoechst (blue). Scale bars, 50 mm in (A) and 10 mm in (B), (C), (D), (E) , and (I). Error bars denote SEM. See also Figure S5 .
PCR
Total mRNA was isolated with the Magnetic mRNA Isolation Kit (New England Biolabs), following manufacturer's instructions. cDNA was synthesized from total mRNA with the First Strand cDNA Synthesis Kit (Thermo Scientific). Details of amplification and primers are in the Supplemental Information.
In Utero Electroporation
In utero electroporation was performed as described elsewhere (Gauthier et al., 2007; Zander et al., 2014) . The nuclear EGFP expression construct was coelectroporated with shRNAs or overexpression constructs at a 1:3 ratio (or, when two additional plasmids were coelectroporated, at a 1:2:2 ratio) for a total of 4 mg DNA. Plasmids are described in the Supplemental Information.
Immunostaining and Analysis
Immunocytochemistry and analysis of cell culture and brain sections were performed as previously described (Vessey et al., 2012; Zander et al., 2014) . Antibodies and further details of immunostaining are given in the Supplemental Information. Cells grown on glass coverslips were analyzed with a Zeiss Axioplan2 microscope; at least 300 cells from different fields were counted per condition, and at least three independent experiments were analyzed. For clonal experiments, 200-450 clones were analyzed per condition per experiment. For quantification of eIF4E1 or 4E-T levels in cortical precursor cultures, cells with detectable/strong intensity of eIF4E1 staining or with obvious 4E-T granules were considered to be positive. For analysis of 4E-T granules in Lsm1 knockdown cells, strongly immunopositive 4E-T foci were quantified. To analyze protein colocalization in cultured cells, cultures were imaged with a 1003 objective on an Olympus IX81 fluorescence microscope equipped with a Hamamatsu C9100-13 back-thinned EM-CCD camera and Okogawa CSU X1 spinning disk confocal scan head. Brightly positive 4E-T, Lsm1-positive, and Rck-positive granules from z-stacked images were selected, and only those colocalized foci that were verified in each section of the stack were counted. For analysis of in utero electroporations, three to four anatomically matched sections per brain from at least three embryos were imaged with a 203 objective on the spinning disk confocal microscope. Images were processed with Volocity software (PerkinElmer), ImageJ (NIH), and Adobe Photoshop. Pax6, Tbr2, and Hoechst staining were used to define the VZ, SVZ, and CP, respectively. RNA Immunoprecipitation and Microarray Analysis E12/13 cortices were analyzed with the Magna RIP RNA-Binding Protein Immunoprecipitation Kit as per the manufacturer's instructions (Millipore). Input lysates were precleared with protein A/G beads and incubated with 5 mg mouse anti-4E-T (Abnova) or normal mouse IgG (Millipore) for 3 hr at 4 C. Total RNA was isolated, extracted with phenol/chloroform, and quality checked on a BioAnalyzer (Agilent). RNA samples from three biological replicates each of input and IgG control and 4E-T immunoprecipitates were amplified using the NuGEN Pico protocol (NuGEN) and analyzed on Mouse Gene 2.0 ST Arrays (Affymetrix) (GEO accession number GSE61729). The raw microarray data were normalized using robust multiarray analysis in the Expression Console (Affymetrix) program. Probe sets of annotated transcripts with expression levels in the top 80% of total RNA input samples (n = 21,630 probe sets) were compared with immunoprecipitate samples. Transcripts showing at least a 1.5-fold change in 4E-T immunoprecipitates versus total input RNA were analyzed further. Nonspecific RNA candidates from IgG immunoprecipitates were subtracted from the 4E-T immunoprecipitates to minimize offtarget binding (Kusek et al., 2012) . 4E-T-enriched candidates were statistically compared to input, and p values were adjusted using the Benjamini-Hochberg method. The enriched probe sets were analyzed using Ingenuity Pathway Analysis (QIAGEN) and the PANTHER Classification System. 3) using the RNAscope kit (Advanced Cell Diagnostics), according to the manufacturer's instructions (described in the Supplemental Information). After FISH, immunostaining was performed for 4E-T. The z stacks of confocal images were taken with an optical slice thickness of 0.1 mm, with a 603 objective on the spinning disk confocal microscope. We quantified 200-800 mRNA granules in 80-300 z-stacked images from random regions of the VZ/SVZ. For coimmunodetection of Neurogenin1 or Neurogenin2, brains were fixed in 4% paraformaldehyde overnight and snap frozen. Twenty-five cells in each category were randomly chosen for neurogenin mRNA/4E-T colocalization quantification, and all foci in those cells were counted.
Statistics
All data were expressed as the mean ± SEM. Statistical analysis was performed using a two-tailed Student's t test or, where relevant, ANOVA with Tukey or Dunnett post hoc tests, unless otherwise indicated.
ACCESSION NUMBERS
The GEO accession number for the microarray data reported in this paper is GSE61729. 
